We collected data on 39 landslides and analyzed the fractal character of their block distributions and block development process. Correspondence analysis revealed that the fractal dimension correlates to the geometry of the landslide, discontinuities of the base rock, and activity level of the landslide. The fractal dimension is independent of the size of the landslide, angle of slide surface and slope, and geology of the base rock.
blocks. The mean fractal dimension of length of the whole blocks is higher than the mean fractal dimension of width, however, this is not statistically meaningful.
The fractal dimension of third level blocks is similar to the fractal dimension of slope failures (D=3.35)), so this may be due to their common failure mechanics (rotational) and sizes. Fractal dimensions of second and third level blocks are in proportional to each other, as are fractal dimensions of length and width.
3.
Fractal dimensions of lineaments
The fractal dimension of the lineaments of the base rock in the area next to the 19 landslides was measured (Appendix). In this paper, lineament means any linear feature of the earth's surface, which is interpreted as structural features such as faults, fracture zones, and bedding planes6). The box counting method7) was used to measure the fractal dimensions. The range of mesh size was from 2,000m to 62.5m.
The mean fractal dimension of lineaments is 1.70 and the standard deviation is 0.053 (Appendix). Figure 2 shows the relationship of the fractal dimensions of lineaments and second level blocks (a); and the relationship of the fractal dimensions of lineaments and third level blocks (b). The fractal dimensions of lineaments and length of second level blocks show some correlation ( Fig. 2 (a) ). On the other hand, the fractal dimensions of lineaments and third level blocks show either no correlation or a rather weak inverse relationship ( Fig. 2 (b) ). 4 .
What is the fractal dimension of landslide block distribution?
In the case of landslide block distribution, the Figure 3 Relationship between fractal dimension and logarithm of standard deviation a) for block width b) for block length.
dimension.
Greater variance means that the size of the blocks' width (or length) has a wider range, so the slope of the log (N(r)) versus log (r) plot is gentler, which means the fractal dimension is lower. On the other hand, smaller variance means that the size of the blocks' width (or length) is concentrated in a smaller range, so the slope of the log (N(r)) versus log (r) plot is steeper, which means the fractal dimension is higher (Figure 4) .
The most important difference between the fractal dimension and variance is the range of data with which they are calculated. Variance is calculated based on all available data. On the other hand, fractal dimension is calculated based only on data which show fractal character (the straight portion of the log (N(r)) versus log (r) plot). So data of width (or length) smaller than the fractal character limit don't affect the fractal dimension. Data of width (or length) smaller than the fractal limit is influenced by the accuracy of data collection. Therefore, the fractal dimen- sion has an advantage in obtaining the essential characteristics of landslide block distribution by eliminating uncertain data.
Relationship between fractal dimension and other properties
The relationship between the fractal dimension and other properties was examined. These properties include width, length, area, depth, height, length to width ratio, apparent angle, slide surface angle, apparent dip of base rock, topography, block shape, activity, base rock geology, and geological period of base rock (Table 1) .
A) Correspondence analysis
Correspondence analysis is used for dealing with data which consist of many samples (individuals) and properties (attributes). The results of correspondence analysis are the plots of samples and properties on two dimensional planes whose axes are eigenvectors. The distance between the plots expresses their degree of correlation to each other. In other words, the closer the plots, the more closely they correlate. Correspondence analysis also calculates eigenvalues which tell how much variance the plots represent8). The com- puter software CORSPOND4) was used to perform the analysis. For mathematical and quantitative description of correspondence analysis refer to DAVIS10) or CARR11). Figure 5 shows the correspondence analysis result for properties. Based on eigenvalue analysis, the plots represent 79% of the data. From the plots, the properties are classified into three groups and two independents. The groups are properties of size; properties of angle; and properties of geometry and activity. The independents are geology and geological period. The plots suggest that fractal dimension of whole blocks may correlate to properties of geometry (length to width ratio, topography, block shape, apparent dip of base rock) and activity. B) Fractal dimension and numerical property Figure 6 shows the absolute value of the correlation coefficients r between the fractal dimension and each numerical property. By statistical t test, when the following inequation is satisfied, we can tell there is a correlation between the independent variable and dependent variable with a 90% confidence level12).
where N is the number of samples. In this case, N is 39 and when the inequation is solved:
Only the length to width ratio indicates a 90% confidence level correlation with both the fractal dimension of width and the fractal dimension of The distance between the plots expresses degree of correlation.
(Dw: fractal dimension of width block, DL: fractal dimension of length of whole blocks) length. C) Interrelation of length to width ratio The correspondence analysis suggested that properties of geometry and activity may correlate to fractal dimension. We examined the interrelation between those properties and length to width ratio to find if the correlations are independent or not. Figure 7 shows the relationship between the length to width ratio and the gap between the frac-tal dimension of width and the fractal dimension of length of each group classified by topography, block shape, and activity. For topography and block shape data, the gaps are in proportion to the length to width ratio. This suggests that the relationship of the fractal dimension to topography and block shape can be variations of the relationship between the fractal dimension and the length to width ratio. Figure 8 shows the relationship between the length to width ratio and apparent dip. Apparent dip is independent of the length to width ratio. D) Influence of the properties on fractal dimension The previous discussion revealed that the length to width ratio, activity, and apparent dip may influence the fractal dimension. We analyzed the cause of this influence. a) Length to width ratio Figure 9 indicates that the slopes of the plots of the length to width ratio versus the fractal dimension of width and of the length to width ratio versus the fractal dimension of length are the inverse of each other. This is a unique phenomenon because basically the fractal dimension of width and length is correlated positively and this inverse relationship can be explained as follows. In a landslide whose width is wide and whose length is short, the variance of width becomes great and the variance of length becomes small. On the other hand, in a landslide whose length is long, the variance of width becomes small and the variance of length becomes great. The fractal dimension is related to variance inversely. So the slopes Figure 10 shows the mean fractal dimension of dip slope (nagare-ban), horizontal dip, and dipping into slope (uke-ban) landslides. The fractal dimension of dipping into slope landslides is lower than the others. This may suggest that in dip slope landslides, blocks tend to fail along bedding planes; and on the other hand, in dipping into slope landslides, there aren't regular weak bedding planes, so the variance of the blocks becomes greater. The fractal dimension is inversely related to variance. So the fractal dimension of dipping into slope landslides is lower than that of the others.
c) Activity Figure 11 shows the mean fractal dimension of each activity level. The positive correlation between activity level and fractal dimensions is clear. This means that the more active the landslide is, the higher the fractal dimension.
The correlation between activity level and the fractal dimension can be explained as follows. The present block distribution is the result of interaction between block propagation and erosion. When block propagation stops, the number of blocks begins to decrease due to erosion. Many small blocks are eroded while far fewer big blocks are eroded. In other words, the absolute value of the slope of log (N(r)) versus log (r) plot, which is equivalent to the fractal dimension, decreases ( Figure 12 ).
Fractal models of landslide block distribution
Yokoi and others3) indicated that two kinds of landslide block models, Model A and Model B Figure  8 Relationship between apparent dip and length to width ratio. Figure 9 Relationship between length to width ratio, and a) fractal dimension of width and b) fractal dimension of length.
( Figure 13 ), help in understanding the fractal character of landslide block distribution. We examined the applicability of the two fractal landslide block models to our actual landslides. For a detailed discussion about the models refer to Yokoi and others3). A) Model A In Model A, a certain number of second level blocks occur in the first level block and the same number of third level blocks occur in each second level block and so on ( Figure 13) . In other words, Model A is an ideal self-similar landslide. The fractal dimensions of Model A (Dmode/A) can be c alculated as: Figure 12 Conceptual illustration of the log (N(r)) versus log (r) plot after block propagation stops. When block propagation stops, the number of blocks begins to decrease due to erosion. Therefore the absolute value of the slope of the plot (=fractal dimension) decreases. where b is the number of second level blocks inside the first level block; and s is the mean of width (or length) of the second level blocks divided by the width (or length) of the first level block3). Figure 14 shows the relationship between the actual fractal dimensions and the fractal dimensions of Model A. Their correlation, and the correlation between the length to width ratio and the fractal dimension, suggest that self-similar subsequent blocks develop under the influence of the block geometry of the preceding block. B) Model B
In Model B, each of the second level blocks and third level blocks has a unique fractal dimension and the combination of these blocks with the first level block yields another fractal dimension ( Figure 13 ). When there are n blocks, the theoretical fractal dimension (Dt) can be calculated as:
where W1 is the greatest width (or length) and Wn is the nth block's width (or length). The equation above can be rewritten to become:
We calculated the theoretical width (or length) of first, second, and third level blocks using the fractal dimensions of whole, second, and third level blocks as the theoretical fractal dimensions. We combined these blocks with the same number log (N(r)) curve and calculated the fractal dimension of Model B as the negative of the slope of the least squares linear regression3) Figure 15 shows the relationship between the fractal dimension of Model B and the actual dimensions. They correlate to each other positively fairly well. This suggests that the development process of second and third level blocks is diflerent.
Analysis of block development process
The previous discussion revealed that the fractal dimension of landslide block distribution correlates to the length to width ratio, apparent dip, the fractal dimension of lineaments and activity. The length to width ratio expresses the geometry of the landslide. Dip and the fractal dimension of lineaments are characteristics of discontinuities. Therefore, the fractal dimension of landslide block distribution is essentially influenced by landslide geometry, discontinuities, and activity.
The fact that the fractal dimensions of both Model A and Model B correlate with the actual fractal dimension suggests that the actual landslide block distribution has characteristics of both Model A and Model B. In other words, the landslide block develops self-similarly, while at the same time, second and third level blocks develop independently and combined blocks come to have a self-similar character3)
The present block distribution is the result of interaction between block propagation and erosion. As discussed previously, activity controls the time period of erosion, and geometry and discontinuities control the block propagation process. The self-similar (fractal) characteristics of landslide blocks can be explained by the influence of block geometry on block propagation. Under the influence of block geometry, selfsimilar subsequent blocks develop inside the preceding block. This process is idealized in Model A.
Dip expresses the characteristics of discontinuities. The correlation between dip and the fractal dimension suggests that discontinuities influence the block propagation process. The analysis of the fractal dimension of lineaments revealed that lineaments influence second level block distribution more strongly than third level block distribu.-tion. It is considered that different levels of discontinuities influence second level and third level block propagation separately. However, there isn't enough evidence about the influence of discontinuities on third level blocks. The difference between the fractal dimension of second and third level blocks might be due to this difference in their mechanics. Third level blocks are rotational type failures while second level blocks are complex type failures13), i.e., rotational at the head and translational elsewhere. Translational slides are heavily controlled by discontinuities. This process is idealized in Model B, which shows that second and third level blocks develop independently and combined blocks come to have a fractal character. Landslide block distribution keeps its fractal character during the process of erosion, because erosion is also a fractal process. As erosion progresses, the absolute value of the slope of the log (N(r)) versus log (r) plot, which is equivalent to the fractal dimension, decreases ( Figure  12 ). The fractal dimension can be an index of activity or time passed since block propagation stopped.
The block propagation process of landslides can be summarized as follows (Figure 16 ):
Stage 1: Initial (first level) slide occurs as a huge block.
Stage 2: Second level blocks occur inside the initial block. They are controlled by the geometry of the initial block and by lineaments (discontinuities) . Second level block distribution has a unique fractal dimension, which relates to the fractal dimension of the lineaments.
Stage 3: Third level blocks occur mainly inside the second level blocks. They are controlled by Figure   16 Conceptual landslide development process. the geometry of the second level blocks, by outcrop size fractures and/or by cohesion and friction of the soil. Third level block distribution has another unique fractal dimension. Stage 4: Erosion starts where activity has finished. Block distribution keeps its fractal character during erosion; however, the fractal dimension decreases in proportion to the degree of erosion.
Conclusion and further study
The fractal characteristics of landslide block distribution were analyzed and the block development process was discussed using its fractal character. The results can be summarized as follows:
Fractal dimension correlates to the geometry of the landslide, discontinuities of the base rock, and activity level of the landslide. Fractal dimension is independent of the size of the landslide, angle of the slide surface, and geology of the base rock.
The self-similar (fractal) character of landslide blocks can be explained by the influence of block geometry on block propagation (a preceding block to subsequent blocks) (Model A). The unique fractal dimension of second and third level blocks is explained by the influence of different levels of discontinuities or different mechanisms (Model B).
The activity level of landslides correlates to the fractal dimension. Activity was defined in this paper as time period passed since block propagation ended. As erosion progresses, the fractal dimension of the landslide block distribution decreases.
Landslide block distribution has a multiple level character2) .This multiple level character was developed by the self-similar (fractal) process and influence of lineaments, which themselves have fractal distribution.
The block propagation process was analyzed using two kinds of models. However, the erosional process, which also influences fractal dimension, was analyzed only in terms of time. The degree of erosion depends on its energy, the resistance (strength) of the soil, and length of time. A proper model for erosion, taking into consideration its energy and the resistance of the soil, would help in better understanding the fractal character of landslide block distribution. Recognizing landslides, especially huge dormant or stable ones, is an important and basic task for a geotechnical engineer; it is also a difficult one. Even an experienced engineer sometimes misses recognizing the landslides. We hope that knowledge of landslide block distribution patterns, which is fractal geometry, will help in identifying potential landslides.
